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INTRODUCTION

Windows have the highest thermal conductance (or U-value) of all the elements in a building
envelope. Although the fact that windows also admit (beneficial or detrimental) solar heat
gain and (generally beneficial) daylight makes U-value alone a poor predictor of the net sea-
sonal energy performance of a window,l reducing the U-value remains an obvious first step in

improving window performance.

A small (0.9m X 1.2m [3° X 4] opening) calibrated hotbox has been built at the Building
Technology Laboratory of the LBL/DOE Energy-Efficient Windows Program for studying methods of
improving window thermal performance. We are particularly interested in comparing generic
approaches to window thermal control, in identifying novel methods of improving window perfor-
mance and in studying the mechanisms by which actual window performance may differ from
theoretical. We first describe the construction and instrumentation of the hotbox. Next we
discuss the methods by which the box has been calibrated and the limits on its accuracy.
Finally we present the results of a study of prototype windows which serves the dual purpose of

illustrating our methodology and presenting some interesting options for window improvement.

The thermal hotbox technique is well-known and has been described elsewhere.2:3 Since our
interest is in research rather than product certification our emphasis in designing the hotbox
was on flexibility and economy rather than extreme accuracy. Hence we chose the calibrated
rather than the guarded hotbox technique. We have deferred installing fans to produce a moving
air film on the cold side of the sample (simulating wind), choosing instead to correct our data
from still air to 15 MPH conditions by the known difference in comvective coefficient. We
record the temperature at a large number of points on and around the window sample; most of

these serve as diagnostic tools and are not directly used in measuring the U-value.

HOTBOX CONSTRUCTION AND INSTRUMEN1ATION

The hotbox facility is shown in Fig. l. Tt consists of two boxes of 15cm (6") rigid
polyurethane foam insulation with a plywood external skin. The rear of the cold box consists
of & cooling unit capable of maintaining the box at 255 K with an accuracy of 0.5 K. The hot-

box contains an electric heater which is accurately metered. The inside surfaces of the hotbox
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are covered with aluminum sheet (2mm thick) to insure uniform skin temperatures. The intériors
of both boxes are painted black. A baffle prevents radiative transfer between the electric
heater and the test specimen. The window under test is mounted in a specially constructed test
frame consisting primarily of polyurethane foam insulation. Plywood facings necessary for

rigidity are mounted on the cold box side of the frame. Z

The facility is normally operated with the hotbox approximately at the temperature of the
surrounding room (295 K) and the cold box below robm temperature (typically 255 K). Heat
transfer is then primarily from the hotbox to the cold box. The amount of power applied to the
heater and fan in order to maintain the hotbox at constant temperature gives the heat flow
through the sample after a small correction for conduction through the test frame and losses

through the skin.

Because the facility will be used to study window systems which may include interior
drapes, shutters, venetian blinds, etc., it is important to maintain natural convection condi-
tions at the window. On the other hand, for accurate measurement one needs a uniform air tem-
perature in the box, and this requires more air circulation than natural convection provides.
Our compromise between these conflicting requirements is the heater-fan combination shown in
Fig. 1 (c¢). This unit provides sufficient air mixing to maintain a temperature uniformity of

‘better than 1 K throughout the box.

Fig. 2 shows a diagram of the instrumentation. Temperatures are measured using calibrated
‘thermistor probes, the outputs from which are multiplexed and plotted sequentially on the same
chart; Five temperatures on each side of the sample are continuously monitored in this manner ,
-in addition to the air temperatures in the hotbox, cold box, and room. The outputs of thermis-
tors placed in the center of each exterior face of the hotbox are averaged and monitored also,
as 1s the time-integrated heater power. The fan is maintained at.constant voltage. Its power

consumption as a function of voltage has been measured.

An SCR proportional temperature controller adjusts the heater power to maintain excellent
temperature stability inside the hotbox; temperatures at a single location typically vary by
less than 0.05 K. Some care is necessary to measure the power in the chopped-waveform output
of the controller at the power level typical of measurements on high-performance windows (30W).
We use a specially built watthour meter which directly multiplies the voltage and current
waveforms and is therefore insensitive to waveform and phase angle. It is accurate to better
than 1%.

HOTBOX CALIBRATION

In order to extract useful data from the hotbox the thermal loss rate through the hotbox skin
must be determined. This was done by inserting a uniform plece of 15cm polyurethane foam in
place of the sample and test frame. The average heater power P necessary to maintain the hot—

box at constant temperature is then given by

P = UA(Ty - To) + S(Ty - Tp),



where

A = the area of the sample

U = sample thermal transmittance

Ty = hotbox temperature 2
Te = cold box temperature

Tp = room temperature

S = skin loss coefficient.

The cecefficients U and S are expected to be slowly-varying functions of the mean sample
temperature and the mean skin temperature, respectively. The coefficient S is then determined
by varying Ty while holding (TH - Tc) fixed. The power should then vary linearly with (TH -
TR) while variations in U and S will show up as systematic deviations from the straight line.

Figure 3 presents the results of one suchbtest. The data are consistent with a straight
line, indicating that assuming U and S are constants is an adequate approximation for this tem-
perature range. The values of S and the product UA(TH -~ Tg) are given by the slope and inter~
cept of the line. The value of S obtained turned out to be considerably larger than that
expected from the insulation specifications. Subsequent investigations with an infrared camera

revealed a thermal shunt where instrumentation cables penetrate the hotbox skin.

The skin loss coefficient was expected to vary with the heat flow through the sample,
since a different heat flux requires a different convection pattern in the hotbox. Repeating
the above tests for different samples and different temperature differences produced the curve
plotted in Fig. 4. The measurements show that S 1s approximately constant at low heat flows
but approximately doubles at a heat flow of 100 W. This is a larger increase than expected,
and its cause is under investigation. All the measurements reported here have sample heat

flows of less than 35 W, where the curve is quite flat.

The calibration was checked by measuring the heat transfer through each of 4 samples of
fibreglass Standard Reference Material (SRM-1450) obtained from the National Bureau of Stan-
dards. Since these samples (0.61 m X 0.91 m) were smaller than the hotbox opening they were
mounted in a special test frame built of polyurethane foam cut from sheets previously cali-
brated in the hotbox. The heat transmission of this frame was calculated to be 0.103 + .005
W/K. Each sample was sandwiched between two sheets of aluminum to insure uniform surface tem—
peratures and one-dimensional heat flow through the sample. The temperature of each aluminum
sheet was measured using three thermistor probes on each side (mounted on the center and .3m
above and below the center of the sheet). The conductance of each sample was then derived from

the measured heat flux and the temperature difference between these aluminum plates.

The results of the measurement are shown in Table 1. As can be seen there is a tendency
for our measurement to be high, but this is within our estimated experimental error for all
samples except sample no. 3. Sample no. 3 had an anomalously low density compared to the

expected range for the same lot of SRM-1450. It is currently being sent to NBS for checking in



their guarded hot plate.

The RMS deviation of our measurements from the NBS values is 7%Z. If sample no. 3 were
excluded this would become 5%. Hence we conclude that our procedure is accurate at least to
7%, which is sufficient for our immediate purposes. Given the compromises necessary to mount
the samples and derive their conductance it is doubtful whether a more accurate check by this

method would be meaningful.

This test checks for overall systematic errors such as wattmeter or temperature probe mis-
calibration. Our estimates of point-to-point errors are derived from measurements of time~
variations in heater power and of time~ and space-variations of the temperatures which enter
the calculation of conductance. Point~to~point errors are generally 1 or 2%. Repeated meas-
urements of samples 1 and 3 gave a reproducigility of considerably better than 1%, which may

indicate that our point~to-point error estimates are conservative.

MEASUREMENTS OF PROTOTYPE WINDOWS

We next applied the hotbox to the study of some optioms for improving window performance. A
standard test window was built consisting of a4 fixed pane of glass mounted in a polyurethane
foam test frame with a minimum of wood framing and facing material. A second movable pane
formed a double-glazed window of variable spacing. The edges of the movable pane were sealed
to the frame with tape during measurement. A photograph of the test window appears in Fig. 5
and a section of the window in Fig. 6(a).

The window frame was first calibrated by removing the movable pane and covering the fixed
pane with a piece of (15 cm) polyurethane foam of known conductance. The edges between the
foam and frame were sealed with tape. A second measurement with a second piece of foam added
to the other side checked that the conductance in the sample region decreases in the expected
panner. The resulting frame correction obtained from these measurements (heat transferred per
unit [TH - TC]) was 0.132%.026 W/K. This correction includes the heat conduction through the
wood facing which supports the glass panes.

Six sets of measurements were performed. We first repeated the well-studied®s? case of
ordinary double glazing with different separations between the panes. We then separated out
the effect of conduction-convection in the airspace by covering the inside of each glass pane
(i.e., the side toward the air gap) with aluminum foil (emissivity 0.06) in good thermal con-
tact with the glass.

Next we studied the effect of placing one or two stretched films of .005 ecm polyester
between the glass panes to create equal thickness air spaces as shown in Fig. 5 (b) and (c).
This is in effect triple and quadruple glazing, but since the polyester film is partially

transmitting in the thermal infrared the conductance will not be quite the same.

Finally we examined the effect of "heat mirror" selective coatings using a multiple-layer
coating (emissivity 0.22) deposited on polyester film. This plastic film was first glued to
the inside (gapward side) of the warm (movable) glass pane. In a second series of measurements

it was suspended as in Fig. 6 (b) with the coated side toward the hotbox.



In these measurements the correction for skin loss was no more than 6% and.the frame
correction no more than 14%. The mean sample temperature was 284 K and the temperature differ—
ence across the sample was 21 K. The results of the measureﬁgnts (corrected to 15 MPH wind
speed) are shown in Fig. 7. The bars in this figure indicate point-to-point measurement
errors. In the upper curve of Fig. 7 (a) the measurements for single glazing and conventional
double glazing (solid points) are seen to be in excellent agreement with the values from the
ASHRAE Data Book (dashed curve).6 In Fig. 7(b) ome and two suspended plastic films are seen to
provide respectively thermal transmittances of 0.35 and 0.25 that of single glazing ( i.e.,
comparable to triple and quadruple glazing. Note that the ratio to single glazing is numeri-
cally equal to the U value in English units). These values are comparable to those for heat
mirror coatings shown in Fig. 7(c), where a heat mirror on the glass pane 1s seen to result in
a8 window with 0.32 of the thermail transmittance of single glazing (comparable to triple glaz-
ing) and onme suspended between the panes, 0.20 (comparable to quadruple glazing). Thus a rough
"rule-of~-thumb" is that addition of a heat mirror coating is approximately equivalent to adding

and extra layer of glazing.

CONCLUSIONS

The calibrated hotbox is reliable with known skin losses. Its reproducability is better than
1Z. 1Its point-to-point errors are estimable from the data recorded during operation and are

generally 2% or better. It is free of systematic errors to at least the 7 % level.

Good thermal performance, ranging from 3 to 5 times lower conductivity than single glazed
windows, can be obtained by introducing interior plastic films, heat mirror coatings, or combi-

nations of the two into double-glazed windows.

These performances are comparable to triple and quadruple glazing but may be achieved in
windows with substantially less weight and bulk. This may result in products with signifi-

cantly different economics than conventional multiple glazing.
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Table I. Comparison between Measured and Predicted Conductance

for Four Samples of SRM-1450

Sample Conductance (W/mZK)
Measured Calculated from
NBS Specifications
1 1.278 + .025 1.215 + .031
2 1.253 + .020 1.208 £ .034
3 1.260 + .02 1.129 + .038
4 1.303 + .072 1.226 £ 040

Difference

(W/mzK)

+.063 +
+.045 £
+.131 £

+.077 %

-040
- 040
<043
.083
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Fig. 1. Diagram of the Hot Box Facility. (a) Vertical section through center line of facil-

ity. Locations of heat flow sensor and cable penetrations on the wall are also indicated.

(b) View looking into hot box from sample with cutaway view of heater and pre-heater. (c¢)
Detail of heater.
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Fig. 5. The Prototype Window. Movable glass

pane is swung out for visibility.
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Fig. 6. Prototype Window Sections. (a) Dou-
ble glazing with variable spacing. (b)
With single plastic film. (c) With dou-
ble plastic film. Equal air gaps were

arranged for each spacing.
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Fig. 7. Sample Thermal Transmittance vs.

Glass Spacing for the Prototype Windows.
(a) Ordinary double glazing (solid
points) and double glazing with aluminum

foil on inside of both glass panes (open
circles). (b) Double glazing with one

(triangles) or two (inverted triangles)
plastic films. (c) Double glazing with
heat mirror coating on plastic film,
where the plastic film is mounted omn the
surface of one glass pane (squares) or

suspended between panes (diamonds).





